The mercury resistance module of Bacillus transposon TnMERI1 is regulated by three operator/promoter regions (O/P merB3 , O/P merR1 , and O/P merR2 ) and two regulatory proteins (MerR1 and MerR2) encoded by the module itself. To clarify the roles of MerR1 and MerR2 in the regulatory mechanism, both proteins were overexpressed and purified. MerR1 bound the regulatory regions O/P merB3 and O/P merR1 , with a preference for O/P merB3 as measured on in vitro gel shift assays. However, MerR2 bound O/P merR2 , as revealed by gel shift and restriction endonuclease protection assays. The transcriptional start sites of O/P merB3 and O/P merR2 were determined by rapid amplification of 5 0 -cDNA ends (5 0 -RACE) in the TnMERI1 original host, Bacillus megaterium strain MB1. Real-time reverse transcription polymerase chain reaction (RT-PCR) assays showed that O/P merB3 and O/P merR1 were induced in the presence of Hg 2þ but not O/P merR2 . It was concluded that MerR1 regulates O/P merB3 and O/P merR1 , while MerR2 regulates O/P merR2 .
Heavy metals, including copper, nickel, and zinc, play integral roles in biological processes, but others, including mercury and lead, have no apparent biological roles and are toxic to cells. 1) As a consequence, meticulous regulation of the intracellular ion level is a crucial theme for living organisms. Heavy-metal resistance systems detect the presence of specific metal ions and function to alert gene expression for detoxification. 1) The most prominent resistance system for enzymatic transformation is the prokaryotic mercury resistance system called the mer operon, 2) whose gene products are the transcription regulator (MerR), transport proteins for Hg 2þ (MerT, MerP, and MerC), and enzymes, including organomercurial lyase (MerB) and mercuric reductase (MerA), which are required for the transformation of organomercurial compounds to inorganic Hg 2þ and then of Hg 2þ to the less toxic volatile Hg 0 . Several mer operons, including those of Tn21 and Tn501, have been studied in Gram-negative bacteria.
2)
The merR regulatory gene and the structural genes in the mer operon are divergently transcribed from overlapping operator/promoter regions. MerR serves as both a transcriptional repressor and an activator of the mer operon genes. In the presence of Hg 2þ , the MerR dimer coupled with an Hg 2þ ion induces an allosteric underwinding of the promoter DNA to activate merTP(C)AD expression. 3, 4) Both activation and repression of the mer operon requires the binding of MerR at a site located between the À35 and À10 regions of the merTP(C)AD promoter.
The mer operon encoded in Gram-positive bacteria has been less studied. The mer operon of Bacillus cereus strain RC607 5, 6) is the prototypical for Gram-positive mercury resistance system, disseminated among diverse Bacillus species and related organisms over widespread geographical areas. [7] [8] [9] [10] The mer operon of a class II transposon, TnMERI1, found in Bacillus megaterium strain MB1 (isolated from Minamata Bay, Japan) belongs to the RC607-type. The complete sequence of this determinant has been determined and identified (Fig. 1A) . 11, 12) The Bacillus gene determinant is complex, with three operator/promoter regions (O/P merB3 , O/P merR1 , and O/P merR2 ) regulated by two MerR regulatory proteins (MerR1 and MerR2), and with three MerB organomercurial lyases of differing substrate specificity.
Luciferase (lux)-based transcriptional fusion plasmids in Escherichia coli host cells have been used to show that both the merR1 and merR2 gene products repress transcription from O/P merB3 , O/P merR1 , and O/P merR2 under uninduced conditions in vivo. De-repression of the three O/P regions has been observed only in the presence of the merR1 gene and Hg 2þ as inducer. 13) In this continuing effort, MerR1 and MerR2 were purified and in vitro gel shift assays were preformed to clarify the relationship among the two regulators and the three O/P sites.
Materials and Methods
Bacterial strains, plasmids, and growth conditions. E. coli DH5 and BL21(DE3)(pLysS) strains were used in cloning and MerR1 or MerR2 expression respectively. B. megaterium MB1 11) was used to monitor RNA levels under different induced conditions. Plasmid pYW33 6) was the template for amplification of mer operon genes in this study, and pET-21b(+) (Novagen, Madison, WI) was used as an expression vector. All strains were grown aerobically at 37 C in Luria-Bertani (LB) broth or on LB agar plates, 14) supplemented with 100 mg/ml of ampicillin when required.
Preparation of RNA. RNA of B. megaterium MB1 was extracted with an RNeasy kit according to the manufacturer's instructions (Qiagen, Chatsworth, CA). DNA traces were removed by treating RNA samples for 30 min at 37 C with 2.5 U of RNase-free RQI DNase (Promega, Madison, WI).
Rapid amplification of 5
0 -cDNA ends (5 0 -RACE). The 5 0 -RACE experiments were conducted to map the transcriptional start sites of O/P merB3 and O/P merR2 .
B. megaterium MB1 cultures were grown for 3 h, and then treated with 5 mM HgCl 2 for 30 min. After extraction of RNA, cDNA was synthesized using a 5 0 -phosphorylated gene-specific primer, B3-p-R (5 0 -(P) CCAGCCAATGTA-3 0 ) for O/P merB3 , and R2-p-R (5 0 -(P) CGCAACTTTTGT-3 0 ) for O/P merR2 . Template RNA was removed and single-stranded cDNA was ligated into circularization or concatemer formation according to the manufacturer's instructions (5 0 -full RACE core set; Takara, Tokyo). Two rounds of PCR amplification were performed using Takara Ex Taq DNA polymerase and a gene-specific primer pair, B3-F (5 0 -TGATGTCCAATCTGCTCTTCAACGT-3 0 ) and B3-R (5 0 -CTTCTTCTGGCAAACCAAGTGATTG-3 0 ) for O/ P merB3 , and R2-F (5 0 -GGCGTATCACTGGAGGAAAT-GAAAG-3 0 ) and R2-R (5 0 -ACAGTCGAATGGCTTTT-CGACTGAC-3 0 ) for O/P merR2 . The PCR products were sequenced.
Construction of expression plasmids for purification of MerR proteins. The coding region of merR1 was amplified using Takara Ex Taq DNA polymerase and a primer pair, MerR1-F (5 0 -AAACATATGAAATTTCG-TATCGGAGAA-3 0 ) (start codon of merR1 underlined) and MerR1-R (5 0 -AAAGGATCCTTATTTCTTCAT-CAGTGTTTCA-3 0 ) (stop codon of merR1 underlined). As for merR2, MerR2-F (5 0 -AAACATATGGAGGATT-TAACGATTGGT-3 0 ) and MerR2-R (5 0 -AAAGGAT-CCTCATTGTTTAAATCCCTCCATT-3 0 ) were used. The PCR product of merR1 was digested with NdeI and BamHI (Promega) and cloned into pET-21b(+). The cloned fragment was checked by DNA sequencing and the plasmid, designated pET-MerR1, was transformed into E. coli BL21(DE3)(pLysS). The PCR product of merR2 was treated as the described above to yield the plasmid pET-MerR2. 
Purification of MerR1 protein.
A single colony of E. coli BL21(DE3)(pLysS)(pET-MerR1) was grown overnight in LB broth containing ampicillin. Four liters of the same medium was inoculated at 1% (v/v) with the overnight culture. Cells were incubated to an optical density at 600 nm of 0.6; then 0.4 mM IPTG was added, and after further incubation for 4 h, the cells were harvested by centrifugation (Sorvall GS3 rotor, 6,000 rpm, 10 min, 4 C). The cell pellet was washed twice with buffer A (50 mM Tris-HCl, pH 7.5, at room temperature, 2 mM 2-mercaptoethanol, and 5% v/v glycerol) plus 0.2 M (NH 4 ) 2 SO 4 , suspended in 50 ml of the same buffer, and then disrupted by passing it through a Microfluidizer Processor M-110EH (Microfluidics, Newton, MA) at 11,000 p.s.i. After centrifugation (Sorvall SS34 rotor, 16,000 rpm, 60 min, 4 C), the pellet was discarded, and the supernatant fluid was filtered through a 0.45-mm pore diameter filter (Millipore, Billerica, MA) to remove impurities. The filtrate containing MerR1 was then subjected to a 20-ml heparin-sepharose column (HiPrep, Amersham Biosciences, Buckinghamshire, UK) previously equilibrated with buffer A plus 0.2 M (NH 4 ) 2 SO 4 . The column was washed with 60 ml of the same buffer. The MerR1 protein was eluted with 140 ml of a linear gradient from 0.2 to 1.0 M (NH 4 ) 2 SO 4 in buffer A. The presence of MerR1 was checked by tricine-SDS-PAGE (18%). MerR1 eluted between 0.7 to 0.9 M (NH 4 ) 2 SO 4 . MerR1-containing fractions were pooled and further purified on a 20-ml phenyl-sepharose column (HiPrep, Amersham Biosciences) previously equilibrated with buffer A plus 0.5 M (NH 4 ) 2 SO 4 . The column was washed with 50 ml of the same buffer. The MerR1 protein was eluted with 100 ml of a linear gradient from 0.5 to 0.0 M (NH 4 ) 2 SO 4 in buffer A. MerR1 was eluted with 0.1 to 0.0 M (NH 4 ) 2 SO 4 , and the fractions were concentrated with an Amicon Ultra centrifugal filter device (molecular weight cutoff, 10 kDa; Millipore). The protein was estimated to be more than 95% pure by analysis on a tricine-SDS-PAGE gel by Coomassie blue R350 (Amersham Biosciences) staining. The resulting protein solution was stored at À80 C in buffer A with 50% glycerol for further use.
Purification of MerR2 protein. The protocol to obtain cells overexpressing MerR2 was identical to that used for the expression of MerR1. After centrifugation, the cells were suspended in 50 ml of buffer A and disrupted. After ultracentrifugation and filtration, soluble proteins were recovered and loaded on the 20-ml heparinsepharose column. The MerR2 protein was eluted with 200 ml of a linear gradient from 0.0 to 1.0 M (NH 4 ) 2 SO 4 in buffer A. Fractions containing MerR2 were eluted between 0.5 to 0.8 M (NH 4 ) 2 SO 4 . MerR2-containing fractions were further purified with the 20-ml phenylsepharose column equilibrated with buffer A plus 0.5 M (NH 4 ) 2 SO 4 . The MerR2 protein was eluted with 100 ml of a linear gradient from 0.5 to 0.0 M (NH 4 ) 2 SO 4 in buffer A. MerR2-containing fractions were pooled and concentrated.
Protein concentrations were determined using bovine serum albumin (BSA) as the standard and the Bio-Rad protein assay kit.
Gel shift assay. A 312-bp fragment was amplified using primers O/PmerB3-F (5 0 -AAATCTAGATGGT-AAGGTTATACTTAA-3 0 ) and O/PmerB3-R (5 0 -AAA-CTGCAGCCATGAAAAGAAGAATG-3 0 ). A 284-bp fragment was amplified using primers O/PmerR1-
. PCR fragments containing the three different target operator/promoter regions (O/P merB3 , O/P merR1 , and O/P merR2 ) were purified from agarose gel with a Geneclean III kit (BIO 101, La Jolla, CA). DNA fragments and various concentrations of MerR1 and of MerR2 protein were incubated in a total volume of 5 ml of gel-shift buffer (20 mM Tris-HCl, pH 7.5, 50 mM KCl, 5% glycerol, 50 mg/ml of bovine serum albumin, 1 mM cysteine, and 0.05% Nonidet P-40) for 60 min at 4 C. Hg 2þ was added as 1 mM HgCl 2 where appropriate. The 5-ml reactions were mixed with 1 ml of loading dye (0.05% bromophenol blue and 50% glycerol). By BioRad mini-PROTEAN 3 gel assembly, samples were loaded on 6% non-denaturing polyacrylamide (29:1 acrylamide/bis) slab gels (0.75 mm thick). The gel was subjected to electrophoresis in 40 mM Tris-acetate buffer (without EDTA), pH 8.0, 4 C, at 200 V for 90 min. Digitized images of the ethidium bromide stained protein-DNA complexes and free DNA were captured as 8-bit digital TIFF files using a DC290 Zoom Digital Camera (Eastman Kodak, Rochester, NY). The intensity of each band was analyzed using Kodak Digital Science 1D Image Analysis 3.6 software (Eastman Kodak).
Restriction endonuclease protection assay. The 266-bp PCR product using the primer pair O/PmerR2-F and O/PmerR2-R was amplified and cloned into pGEM-T Easy vector (Promega). The plasmid was designated pGEM-O/PmerR2. Purified MerR2 protein solution was added to 8.6 ml of gel-shift buffer containing pGEM-O/PmerR2. After incubation for 10 min at 37 C, 1 ml of 10 Â NEBuffer 4, 0.1 ml of 10 mg/ml BSA, and 0.75 unit of AclI or DdeI (New England BioLabs) were added, and the mixtures (total volume, 10 ml) were incubated for 1 h at 37 C to allow cleavage of the unprotected restriction sites. After digestion, the samples were heated at 100 C for 10 min to stop the reaction, and were checked by electrophoresis. C (1 C/s) was performed to establish the denaturation curve specific to each amplified sequence. Fluorescence produced by the binding of SYBR Green fluorochrome to the double-strand DNA was measured at the end of each polymerization step. The increment of fluorescence versus reaction cycle was plotted, and the threshold cycle value was obtained by positioning of the threshold baseline at the midexponential phase of the curve.
Results

Rapid amplification of 5
0 -cDNA ends (5 0 -RACE) The transcriptional start sites of O/P merB3 and O/ P merR2 were determined in B. megaterium strain MB1 by 5 0 -RACE analysis (Fig. 1B) . Though the transcriptional start site of O/P merR2 has been studied by primer extension analysis in an E. coli host, our results showed three bases shifted with respect to a previous report.
6) The adenosine located three bases downstream of the earlier reported guanosine site was the start point (Fig. 1B) .
Purification of MerR1 and MerR2
The putative MerR1 and MerR2 proteins overexpressed in E. coli were purified with heparin-sepharose and phenyl-sepharose columns (Fig. 2) . To confirm the identities of these two proteins, the purified samples were further subjected to chemical N-terminal sequencing. The resulting amino-terminal sequences of the two proteins were identical to those predicted for MerR1 and MerR2 (data not shown).
Interactions of the two regulatory proteins and the three mer operators
The gel shift assay, which detects protein-nucleic acid complexes by their altered electrophoretic mobility, was adopted to analyze the interactions between the two regulatory proteins (MerR1 and MerR2) and the three mer operator/promoters (O/P merB3 , O/P merR1 , and O/ P merR2 ) (Fig. 3) . Under increasing concentrations of MerR1, retarded DNA bands were observed for both O/ P merB3 and O/P merR1 , although the retardation became quantitatively less in the presence of the Hg 2þ ion. However, no retarded DNA band was observed for O/ P merR2 (Fig. 3A) . The retarded bands for the binding of MerR1 to O/P merB3 and to O/P merR1 were not equal in density, and this suggests that the affinities of MerR1 for O/P merB3 and O/P merR1 were different. On the other hand, MerR2 bound only to O/P merR2 DNA, not to O/P merB3 or O/P merR1 DNA (Fig. 3B) . Hg 2þ did not significantly affect the binding of O/P merR2 DNA by MerR2. Further quantitative analysis was conducted in the subsequent experiments.
Apparent dissociation constants (K d ) of the regulatory protein-operator complexes
Quantitative analysis was performed to obtain the apparent equilibrium dissociation constants (K d ) of MerR1 and MerR2, and their corresponding operators (Fig. 4) . The apparent dissociation constant of MerR1-O/P merR1 (29:2 AE 2:1 nM MerR1) was higher than that of MerR1-O/P merB3 (17:2 AE 2:4 nM). Interestingly, the addition of 1 mM Hg 2þ to the protein-DNA mixtures significantly decreased the affinity of MerR1-O/P merR1 complex (about 4-fold, to K d 117 AE 14 nM) while it had a lesser effect on MerR1-O/P merB3 (about 1.3-fold, to K d 22:8 AE 1:2 nM) (Fig. 4) . It has been reported that the Bacillus MerR1 protein binds to its O/P site in the absence of mercury, and with decreased affinity in the presence of Hg 2þ .
15) The differences in K d values between MerR1-O/P merB3 and MerR1-O/P merR1 may due to nucleotide substitutions within their O/P region.
Since Hg
2þ is not the inducer for MerR2 13) and did not affect in vitro binding affinity (Fig. 3B) , the apparent dissociation constant of MerR2-O/P merR2 (47:8 AE 7:4 nM MerR2) was determined in the absence of Hg 2þ (Fig. 4C) . 
Restriction endonuclease protection assay for O/ P merR2
MerR binds to dyadic operator sites located between two RNA polymerase recognition hexamers, 16) and within the spacer region of O/P merR2 there are DdeI and AclI restriction endonuclease cleavage sites (Fig. 1B) . To determine which part of the spacer region of O/P merR2 was covered by MerR2, restriction endonuclease protection studies were performed. MerR2 protected the AclI site from cleavage (Fig. 5A) . Plasmid pGEM-O/PmerR2 contains three AclI sites, one of which is located within the merR2 operator/promoter region. The binding of MerR2 to the operator was monitored by the disappearance of the 1,178-and 1,732-bp DNA fragments and the simultaneous appearance of the DNA 2,910-bp fragment after AclI digestion. These observations indicate that the AclI site within the spacer region of O/P merR2 , is specifically protected by the presence of MerR2.
Since pGEM-O/PmerR2 contains five DdeI sites, digestion of this plasmid with DdeI produced five DNA fragments (Fig. 5B) . If binding of MerR2 to the operator occurs, it prevents digestion of the DdeI site between the 1,271-and 897-bp fragments. As shown in Fig. 5B , we did not observe the 2,168-bp fragment. The results suggest that MerR2 blocks digestion of an AclI site in a region of the promoter predicted to be bound MerR, but does not protect a DdeI site located a few bp away. It is difficult to interpret this result with any precision. Further studies combined with footprinting experiments are needed.
Real-time RT-PCR measurements of expression from the three mer promoters with different inducers
The relative expression levels of O/P merB3 , O/P merR1 , and O/P merR2 mRNA in B. megaterium strain MB1 grown in LB broth supplemented with HgCl 2 and organomercurial compounds PMA or MMC were measured by real-time RT-PCR (Fig. 6 ). While O/ P merB3 and O/P merR1 were induced by the mercuric compounds, the expression level of merR2 was very low even in the presence of PMA and MMC. Similarly, no significant induction of O/P merR2 was detected in the presence of Hg 2þ . The inability of Hg 2þ and organomercurials to relieve repression of O/P merR2 by MerR2 was consistent with previous data obtained by the lux reporter system.
13)
Discussion
By sequence alignment of O/P regions from different mer systems, Park et al. 17) found that the repeat sequence GTACnnnnGTAC between the À35 and À10 elements was conserved and might be required for operator function in both Gram-positive and Gramnegative bacteria. In the Bacillus mer operon, the GTACnnnnGTAC repeat also occurred in the equivalent positions of both O/P merB3 and O/P merR1 (underlined in Fig. 1B) , and the repeat sites might function in MerR1 binding. On the other hand, though O/P merR2 lacks the conserved GTACnnnnGTAC configuration, a 7-nt CTAAGGT region is conserved within the repeat elements of O/P merR1 and O/P merR2 (Fig. 1B) . It has been hypothesized that MerR1, if involved in the regulation of O/P merR2 , recognizes the 7-nt conserved region near the center of the operator, 6) but the present study did not show MerR1 binding to O/P merR2 (Fig. 3A) . Furthermore, since the MerR2 protein did not protect the DdeI site, which contains the imperfect inverted repeat and the 7-nt region (Fig. 1B and Fig. 5B ), this result suggests that the region may not necessary for MerR2 recognition, and vice versa, that MerR2 did not bind O/P merR1 . While O/P merR2 is expressed at a lower level, the transcriptional start sites of O/P merB3 and O/P merR2 were determined, and the start site of O/P merR2 obtained was different from that reported by Gupta et al. 6 ) using E. coli as the host. The adenosine start point was located three bases downstream of the previously suggested guanosine. In view of this position, the À10 region TAAACT, suggested by Huang et al., 12) including the ideal hexamers, with a 20-bp spacer region of O/P merR2 that coincides with O/P merB3 and O/P merR1 (Fig. 1B) , appears to be a better candidate for sigma recognition.
The in vitro quantitative analysis indicated that the affinity of MerR1-O/P merB3 was about 1.7-fold higher than that of MerR1-O/P merR1 (Fig. 4D) . Since there are five nucleotide substitutions within the À35 and À10 elements and their spacer region (shaded in Fig. 1B ), these substitutions, or some of them, may contribute to the difference in binding affinity. Furthermore, the addition of Hg 2þ decreased the affinity of the MerR1-O/P merR1 complex, while it had a less effect on MerR1-O/P merB3 (Fig. 4D) . These results suggest that the substitutions within the operators play an important role in differential regulation by MerR1, because it is reasonable to consider that more constitutive expression of MerB3 lyase is needed for organomercurial resistance and that a rapid response to the impact of mercuric ions is needed for the expression of MerA reductase.
Previous data indicate that organomercurials do not directly relieve repression by MerR2, 13) and the results of real-time RT-PCR (Fig. 6 ) confirmed this point. Inspection of the carboxyl-terminal region sequence of MerR2 indicated that it is unlikely to bind Hg 2þ ions. Only one cysteine residue (C50) is present in the MerR2 protein, and the three highly conserved cysteine residues, C79, C114, and C123 in the C-terminal domain of Bacillus MerR1 (the Hg 2þ binding residues in Bacillus MerR 18, 19) ) are absent in MerR2. This may the reason why MerR2 does not respond to Hg 2þ in a manner similar to that of MerR1. [18] [19] [20] [21] [22] This study presents a further characterization of the mode by which the complex mer system on TnMERI1 in Bacillus megaterium MB1, a typical mer system found among bacilli in Minamata Bay, Japan, is regulated. In a series of previous publications, we described this system and identified the three promoter regions and their cognate regulators. [11] [12] [13] The mercury resistant system was analyzed using either a heterogeneous host or multicopy plasmids. 13) Here, we further characterized the interaction of MerR1 and MerR2 with the three promoter regions by examining the binding of the regulatory proteins to DNA and the effect of the presence of Hg 2þ on this binding, and by measuring transcript abundance. This study, therefore, should add to the understanding of how the mer is regulated in a Gram-positive bacterium. This is important because most of what we know about the regulation of mer systems comes from studies of Gram-negative bacteria.
